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NOMENCLATURE

pre-exponential factors in Arrhenius expression
chemical-kinetic time parameter

modified chemical-kinetic time parameter
pre-exponentizl factor in Arrhenius expression
diffision-time parameter

modified diffusion-time parameter

constant used in the MGDF model

constant used in the MGDF model

specific heat of gases

diameter of oxidant particle

diameter of fuel particle

diffusion coefficient

activation energies

thickness of flame zones

mass flow rates

mass fluxes

pressure

heaty of vaporization (heats of reaction of various
flames in the MF madel)

universal gas constant
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Greek Symbols

R
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Subscripts

burning rate

surface areas
abgolute temperature
weight fraction of oxidant

heats of reaction

constant related to "a"
constant related to "a'"
constant related to '"b"
constant related to '"b'"
thermal conductivity of gases
mass of fuel gas pocket
densities

reaction times

condition at the end of ihe first-stage flame
condition at the end of the second-stage flame
ammonium perchlorate

fuel
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Abbreviations

,’ AP -

LP3 -
? P13 -
PBAA-
Ps -

PMM -

- v S LS S L

GDFC-

GDFD-

. MF -

ST -

flame conditions

gas phase

propellant

initial condition in the sclid phase
surface

cxidant

stoichiometric

ammonium perchlorate

polysulphide

polyester

polybutadiene acrylic acid

polystyrene

polymethylmethacrylate

granular diffusion flame with collapsed AP decomposi-
tion flame

granular diffusion flame with distended AP decomposi-
tion flame

heterogeneous reaction model

multiple flame model

Stoichiometric
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CHAPTER I - INTRODUCTION

LA GENERAL BACKGROUND

A composile solid propellant consists of finely divided oxidant
and metal particles uniformjy dispersed in a matr,x of polymer binder.
The most commonly used oxidant is ammoaium perchlorate (AP) and
some of the fuel hinders used are polyurethane, polybutadiene-acrylic
acid, polysulphide, polyester, etc. 1n the present 1nvestigation only
ncn metalized propellants with AP particles of a single size (unimodal)
were considercd.

In the past few decades, a considerable number of experimental
and theoretical investigations have been directed towards the study of
the steady-state burning of composite propellants. The purpose of
these investigations has been to nredict or to allow willful modifica-
tion of the performance of AP compogite propellants in order to avoid
the time consuming, repetitive, and costly experimenial tests. In
spite of these efforts, the present models are imperfect and are not
capable of correctly representing the burning mechanism of composite

solid propellants.

cietannle e o . »Pﬁs{ﬁ\‘»’z P N AT




1.B BURNING MECHANISM CF A COMPOSITE PROPELLANT

The burning mechanism of a composite solid propellant is very
complex due to the heterogeneous composition of the propellant.
Several spatial dimensions sevaral phases, and several simulta-
neous and/or successive physical and cherniical processes are
involved.

During burning, gases evolve from the propellant surface and
mix and react exothermally in the gas phase. The heal generated by
the reactions is transferred to the surface and produces further
vaporization of the surfece material. Previous studies (1,2, 3, 4)
have indicated that the following physical and chemical processes
are important in the burning of a composite solid propellant :

(i) heat conduction,

(ii) surface pyrolysis of the fuel (endothermic),

(iii) surface dissociative sublimation of AP into ammonia and
perchlioric acid (endothermic),

(iv) vapor diffusion,

(v) AP decomposition flame (exothermic reaction betwecn
ammonia and perchloric acid), and

(v) final flame (exothermic reaction between pyrolysed fuel and

AP decomposition products).
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Figure I-1 illustrates the burning mechanism schematically.

The linear rate at which the surface regresses macroscopicelly
is a characteristic of the burning and is designated as {he burning
rate of the propeilant (r). The desired end results of steady-state
mechanistic models are the prediction of r and of the influences onr
by pressure (P), oxidant particle size {(d ), initial temperature (To)

and weight fraction of oxidant (mixture ratio) (w).

I.C  PURPOSE AND SCOPE OF THE PRESENT INVESTIGATION

L.C.1 Purpose

The purpose of the present investigation is to develop an
improved steady-state-burning model for AP composite solid
propellants, The need for such a model based on reasonable
mechanistic grounds arises from the inadequacy of the evisting

medels to describe the experimentally observed effects of all the

important variables on the burning rate.

I.C.2  Scope

The presently reported work consists of :

a. review of prior experimental and theoretical investigations
of the steady-state burning of AP-composite-solid propellants,

b. new expecrimental and theoretical investigations concerned

B o o ) PO .
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with mixture-~ratio influences on burning rates,
c. assessment of existing comprehensive models by means of

numerical diagnostic tests, and finally,

d. formulation of a modifiea granular diffusion flame model,
based on reasonable mechanisiic grounds and testing of the model

against experimental data.




CHAPTER II - REVIEW OF PRIOR INVESTIGATIONS

In the present chapter, prior experimental and theoretical
investigations of the steady-state burning of AP composite solid

propellants and their analogs are reviewed.

II. A EXPERIMENTAL INVESTIGATIONS

A great deal of effort has been devoted in the past to study
burning rate behaviour of AP composite propellants with respect to
pressure (P), oxidant particle size (d ox)’ initial temperature (T 0),
and mixture-ratio (w). Both actual propellants and their analogs

have been used in these investigations.

II.A.1 Investigations with Propellants

A B Tannn ~rnly a
(S URY) Liibvy Ly @ a

II.A.1.a Pressure

In general, r is found to increase as P increases. Based on the
variations of r with P, three pressure domains have been defined
as follows :

(i) low pressure demain (below 10 atm.),

(ii) moderate pressure domain (10 to 100 atm.), and

(iii) high pressure domain (above 100 atm. ).

PRI A 4
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These demarcations are not rigid as they deform as other parameters
are varied. These different domains are attributed to the domination
of the overaill burning process by different phenomena (e.g, chemical

reaction and diffusional mixing at different pressures).

Im.A.1.b Oxidant Particle Size

Bastress (6) has done a systematic study of the influences of
d,x onr and found that, in general, r increased with decreasing d ox "
The influcnce of dox on r has also been found to be coupled with

variations in other parameters, such as, oxidant weight fraction (3).

II.A.l.c Initial Temperature

The burning rate usually increases as the initial temperature is
increased. A considerable interest is shown at present in under-

standing the influence of initial temperature on the burning rate (7).

M Al d Mixture Ratio

A measure of the mixture ratio in this study is taken to be the
weight fraction of oxidant (w)., The influence of w on r has been
virtually ignored by the previous investigators. Only very limited
data is available with regard to the mixture ratio influences and no
attempt has been made previously to interpret these data. Thereforg,

in the present investigation, the available data have been plotted as

T e A

,.
v
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r vs. w (none of the previous studies shows a plot of this type).

Figures II-1, 2, and 3 show plots of r vs. w for various pressures,
particle sizes, and different types of fuel.

The following observations can be made {rom these figures :

(i) The burning rate (r) increases monotonically with the
mixture ratio (w) (all the w's considered are less than the stoichio-
#

metrically correct w, W t)'

(ii) The mixture-ratio sensitivity of the burning rate, él"‘ £,

w

varies with P, d and the type of fuel used.

ox? W
(iii) r vs. w curves in figuresII-1 and 2 suggest a icadeney to
attain a maximum r as w increases, though the available data are

not extensive to ascertain this trend.

II.A.2 Investigations with Analogs

- — T . ——_ e e . - — — ey —

Analogs of AP propellants were used in the past to study

burning-rate variations with changing P, d Ty and w (4, 9,10).

ox’
The advantages cited for using analogs rather than {rue propellants
are that the analogs are easy to fabricate and that they allow the

composition to be varied at will, which is not possible with actual

propellants,

i
Wt is defined here as thal w which assumes the products of

combustion to be Hy0, COy, 50,, HCI, and No.
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The three types of analogs used in the past are
(i) Pressed-samples (4,9),
(ii) Loose-granule burners (10), and
(iii) Porus-plug burners (10).
In the present study, additicnal loose-granule tests were used to
investigate mixture-ratio infit ences.

II. A.2.a Parametric Influences

The results oblained from analog studies show the same influenc-
¢ f pressure, oxidant particle size, and initial temperature onr
as those shown by actual propellants (4, 9,10). However, the analog
studies provide additional information with regard to the mixture-
ratio influences on r. Unlike propellants, analogs can be fabricated
and tested over a wide range of mixture ratios. Figures I[-4, 5,
and 6 show r vs. w curves from previous studies (4, 10). These
curves are useful in studying the influences of fuel, oxidant particle
size and pressure on the trends of r vs. w curves ( i, e. the shifts in
the mixture ratio that correspond to maximum burning rate,
wr(max)'

Figure II-4 shows that for mixtures containing AP and poly-
styrene (PS), the mixture-ratio yielding maximum burning rate,

Wr (max) is on the fuel rich side of the stoichiometrically correct

mixture ratio (Wst)’ whereas for mixtures containing AP and pely-
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methylmetlacrylate (FMM), w ) 15 near w_ Hence, it is

r (max) t

concluded that the type of ﬁlel used in the propellant has an influence
on the position of the maximum burning rate.

The influence of the oxidant particle size on the position of
maximum burning rate is shown in Figure II-5. For a larger oxidant

particle size, W ) is found to be on the fuel rich side, whereas

r(max

for a smaller particle size, w ) is found to be near the stoichio-

r(max

metrically correct mixture ratio, w

st
The influence of pressure on the position of maximum burning

rate is shown in Figure II-6. At low pressures w is less than

r(max)

w and as the pressure is increased w_,
st r({max)

The experimental data, shown in Figure II-8, were not taken

shifts towards Wi

bevond W and hence the existence of the maxinmium burning rates
with w variations at high pressures could not be conclusively
cornfirmed. Part of the present investization involves measuring
regression rate for a wide range of variations in w at different
pressures using loose-granule burners. The details and results of

such measurements are given in Chapter IIl.

IM.A.3S Classification of Propellants

AP composite propellants have heen classified by Steinz (2) into

two categories: those that do and those that do rot allow correlation
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of r vs. P data by means of Summerfield's equation (1), viz.

! - a + b one n'l
r-® " P
where a -  chemical-time parameter, and
b - diffusion-time parameter.

Both a and b are assumed to be independent of P.

The agreement (or lack of agreement) between the r vs. P data
and Equation TI-1 can be determined by plotting the data as 'I'.I')VS. P2/3
and checking whether such plots resull in a straight line. This
method of classification is illustrated in Figures II-7 and 8.

Figure II-7 shows examples of propellants which do correlate via
Equation II-1, and Figure 1I-8 shows an esample of a propeliant
which does not follow Eqaation II-1. The corresponding r vs. P
curves are shown in Figures II-9 and 10 respectively. It can be seen
clearly from these figures that Summerfield's equation is a good
representation for those propellants with burning rates (r) increas-
ing monotonically with P and with the slope of r vs. P curves
decreasing steadily.

In the present study, only those propellants for which data can

be correlated with Equation I1-1, are considered.

Lt N gt .
dialesf it S Ry A
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I.A.4 Critique of Experimental Investigations

— o —— et — — — i ot b e o Sa—a . —— -y

Based on a review of prior experimental investigations, the
following observations can be made:

(i) In general, there is a lack of comprehensive experimental
data available which deal with mixture-ratio influences. In order to
assess existing and/or new modeis of propellant burning more
comprehensive data is needed.

(i), None of the propellants which follow equation II-1 were
tested previously with more than two variations in the mixture ratio
(2). Since a number of propellants obey Summerfield's equation,

additional r vs. w data should be obtained for such propeilants.

II.B THEORETICAL INVESTIGATIONS

Theoretical models describing the steady-state burning of
composite solid propellants can he classified into two categories
as follows:

(i) simple, analytical diagnostic aids, and

(ii) comprehensive models.

The simple, analytical diagnostic aids neglect many of the
physical processes and chemical reactions for the purpose of
mathematically tractable solutions., They lay theiremphasis on

specific processes. The following models belong to this category:




(i)  Phalanx flame model (il),

(ii) Premixed, laminar ﬁame>model {12)

(iii)  Sub-surface reaction model (13), .

(iv)  Thermal layer theory (14),

(v) Columnar diffusion flame model (15), and
(vi) Quasi—laminar. diffusion, and monopropellant flame
theory (16),

Since these models reglect many of the presumably important
processes and do not explain the burning-rate beheviour completely,
they are not considered further in the present investigation.

The comprehensive models, on the cther hand, are based on more
complete, detailed mechanistic grounds. They allow prediction of
the burning-rate behaviour with respect to variatiors in important
parameters.

Hence, in the present study, the {ollowing comprehensive models
have been consi”ered:

(i)  Granular diffussion flame nodels (GDF),
a. Original GDF model (1, 6).
b. GDF mcdel with collapsed AP decomposition flame
(GDFC) (2).
¢. GDF model with distended AP decomposition flame

(GDFD) (2).

23
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(i) Heterogeneous reaction model (HR) (17, 18),

(iii) Multiple flame model (MF) (19, 20).

II.B.1  Gramlar Diffusion Flame Model (GDF)

— — e e e m— e e e aew e e e e e e e

II.B.l.a Description

In the general formulat ton of the GDF model (2), the gasification
of the solid surface was considered to be driven by the conductive
heat teed back from a twe-stage flame in the gas phase.

The first-stage flame was considered to be the AP decompostion
flame, and the sccond-stage flame was considered to be the result
of the reaction between pockets of fuel (granules) and the oxidant
rich produ~ts of AP flame, It should be noted that there is no
experimental evidence for the existence of the fuel pockets, and this
assumption has been seriously questioned (3).

A schematic description of the GDF model is shown in

Figure f1-1i.

II.B.1.b Assumptions

,; Itemized, the major assumptions of the GDF model are :
4 (i) One-dimensionality (planar surface and reaction zones in
the gas phase).

(ii) Steady-state,
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(iii) Specific physico-chemical processes:
The physical processes considered are heat conduction and
granular diffusion.
The chemical reactions considered are fuel pyrolysis,
dissociative sublimation of AP into ammonia and perchloric
acid, AP decomposition flame (first-stage flame resulting
from a second »rder, premixed reaction between ammonia
and perchloric acid), and granular diffusion flame (second-
stage flame resulting from the diffusional mixing and reac-
tion between fuel pcckets and oxidant rich products of AP
flame).

(iv) Linear temperature distribution in the gas phase.

(v) Uriform thermal properties.

1. B. 1c Equations

tion of the GDF model, the following equations can be written (2).

An energy balance at the surface, for the fivst-stage flame gives:

rg (B2 Por (o (Tt wa, +-w)a]

La, 1_9
H L=

[ 4
LRCIES §
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An energy balance at the first-stage flame, for the second-stage

flarne gives :

Ay (3{-;") = ?P r [‘-‘3 (G-T)TW@,, +(I-W) Qe - W AHM,]

where

An Arrhenius expression is

SR A K e ATy O

thermal conductivity of gases,
specific heats of solid and gases,
initial temperature,

surface temperature,

first-stage flame temperaiure,
second-stage flame temperature,
first-stage flame height,
second-~stage flame height,
propellant density,

burning rate,

weight traction of oxidant,

heat of sublimation of AP,

heat of pyrolysis of fuel, and

heat of reaction of AP flame,

pyrolysis of the propellant and is given by:

T R e N

.. II-3

assumed to describe the surface
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- s £ ) II"’4
b = Ag exp (~E/RT;)
where AS - pre-exponential factor,
E - activation cnergy, and
s
R - universal gas constant.

11.B.2  QOrigiral GDF Model

—— - v - S - - ——

II. B, 2.a Additicnal Assum_ptions

In the original GDT model (1), the {ollowing additional
assumptions werc made :

(i) Constant surface tempercature, TS.

(ii) An AP decomposition flame (first-stage flame) occuring

entirely (""collapsed’) at the regressing surface.

II.B.2.b Formulation of the Medel
The collapsed AP flame assumption reduces Equation 1I-2 and

Equation I1-3 to a single equation :

A B2 51 1wy ean]

e II-5

In Equation II-5, Lo is unknown and is expressed by considering the

detailed structure of the granular diffusion flame. To approximate




L., two extremes of low and high pressures were considered. At

2)
low pressures, chemical reaction was considered to be controlling;
at high pressures, diffusional mixing was considered to be conisoll-
ing.

Letting LZ, ch denote the granular diffusion flame height, when
chemical reactior is controlling (at low pressures), the chemical
mass conversion rate in a zone of thickness Lz, ch may be written
as:

%
Polin= Lo B § exp(-Ea/RR) ... 1o

where Yoh - burning rate at low pressures,
B - pre-exponential factor, and
E2 - activation energy for the gas-phase reaction

Substituting the value for L2 ch from Equation II-6 in Equation

II-5, an expression for L has been obtained (2) :

b 9 [0, (Te=T.)t W o+ (1-W) Q. - WAH
Fen "l Ag (T3~ Tg)
acT ee. II-7
") exp (Ei/rm)

where of is a constant.
On the other hand, considering high pressures and control of
burning by the diffusional mixing of the fuel pockets, an expression

for Lz’ diff has been obtained (2) :




%)
L.2 P(don) 9P n'" T‘.L oo II-8

J _rs "/" p 1/3

where @ is a function of ia., the mass of each fuel pocket, and
hence depends only on dox‘

By substituting the value for L in Equation [I-5, the burning

2, diff
has been obtained (2) as:

rate at high pressures, rdiff’
rd‘ﬂ' P AQ(TI "To)
ﬁ(d x) T& ) .o, 1I-9
-P’/g ‘f"VB

With the two asymptotic forms for the burning rate, given by
Equations II-7 and 9, the burning rate at an intermediate pressure
was expressed by a relation which reduces fo one of these limiting
forms at either extreme of pressure.

The [ollowing form was proposed in reference (1):
i i {

- . L)
——— 00 o + vnrosawetm.

r Lo Vaise

rd
s

=

or, substituting from Equations IT-7 and I11-9 :

d "‘9 (Ta“Ts)

- )+ cw) -r?‘ . 11-11

..-1/8 o
IS
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where

1 a - F Cqg (Ts-To)+w Q,, +(-W) Q- W AH,,

§ -Jp )\9 (Tz"Ts)

ceo II-13
; X f ot exp (B/Rm) |

and

Ly

Cq (Ts-Ta) +W Qup + (1-W) Qg ~Wall,
fp Ag (T2-T5)

5
: o | Bl T .. T-14
T8

II.B.%2.¢ Discussion

In the preceding equations, the burning rate appears in a
transcendental form requiring an iterative solution. The principzl

equations involved are Equations i1-4 and I1-11. The two unknowns

are r and Ts’ the burning ralc and the surface temperature, respec-

L

k-

4 tively.

3

4 In the original formulation of the GDF model, these equations
% were not solved numerically. The assumption that the surface

E teraperature, Ts, is constant allowed the Equation 1I-4 to be

neglected, and the burning rate was related to the pressure by

means of Equation II-12 only; this equation is sometimes known as

31
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Summerficld equation. The validity of the GDF modei was said to be
established by showing that experimental burning-rate data (r vs. P)

could be correlated by the Summerfield equation for many propellants

1,2, 86).

11.B.3 GDFC Model

— v S e — e

Steinz (2) has modified the GDF model by allowing the surface
temperature to vary with pressure, in accordance with Equation II-4,
but retained the collapsed AP decomposition flame assumption. This
model was termed the "granular diffusion flame model with

collapsed AP decomposition flame" (GDTFC) model.

II.B.3.a Resulting Equations

The equations of the GDFC model are those of the GDF model:

F'= As €xp C“ES/'RT;) S § Y

Al S) € (T-To) + W Qup +(-v) Qy - W & Hag

P(do;) T4 ]
oY .o II-11

y o(’l"z exp( .

39)

Equalions I1-4 and I1-11 contain two unknowns, r and T <’ They

can be sulved nuimerically by using the inethod described below,




1I.B.3.b l\ii_ethod_gf Solution

Thre input values required to solve Equations II-4 and II-11 are

PSSR L g

classified as :

(i) environmental inpul values (P and T ),
(ii) compositional input values (w, d 9.5 To, Qapr Qo AI-IAP),
(iii) kinetic input values (ES, Ez, ete., ), and
(iv) empirical input values (A , &, and B ).
The empirical input values are obtained as follows :
(i) Determinevalues for a and b from a plot of %? Vs. P2/3.
(ii) Choose a pressure (matching point), determine the corres-
ponding value for r, and select an appropriate value for T_.
(iii) Use Equations 1I-4 to determine AS.
(iv) UseEquations II-13 and II-14 to determine €and 3.
Equations II-4 and II-11 can now be solved numerically for various

other pressures.

THiamawman IT 19 damnanithaen $ha e abhad stnnd ba anlera $hn OO vead ol
AABMLI L AT LM QLUOLL IVLUO UG LAV LIAIULL MO LW VY DUVLAY W WL ALY A W AL
equations.

II.B.3.¢ Results and Discussion

In Reference 2, numerical solutions were obtained for a typical
propellant by considering only pressure variations. The predicted

r vs. P results were shown to have the same form as that of

Summerfield Equation (Equation II-12) in 1. 0 tc 100 atm. range.
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The predicted resulls were not compared with any experimental data.

b

The matching point needed to obtain the empirical constants As’ « ,

b

and (5 , was chosen arbitrarily at a low pressure. The possible

" effects of alternative sclections for the matching point (at different
pressures) was ignored. Furthermore, the influences of oxidant
particle size, mixture ratio and initial temperature on the burning

rate were not discussed.

Therefore, as part of the present investigation, the following

comprehensive numerical tests were made to assess the GD¥C

s
Y.
4

o

model :

T T

(i) A comparison of the predicted GDFC results with experimen-
tal results (r vs.P).
(i1) An investigation of the effect of the matching point selected.
(iii) An investigation of the influence of mixture ratio on the

burning rate as predicted by the GDFC model.

II.B. 4 GD¥D Model

— e —— o —a— —

The collapsed -AP-flame assumption made in the GDFC model
was found by Steinz (2) to be invalid at low pressurcs. Hence,
Steinz proposed a GDF model with "distended" AP flame (GDFD). The

GDFD model is supposed to be valid at low combustion pressures.
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iI.B.4.2 Resulting Equations

As a consequence of the above-mentioned assumption, the GDFD
nmodel is described by Equations II-2, II-3, and II-4. In order to

solve these equations, the flame height L, of the first-stage {lame

1
must be specified.

Cousidering mass conservation, Ly canbe written as @) :

r ... H-15
L'l = %‘- . T'JAP
$

where ‘?_'AP is the reaction time of the AP flame. Assuming the
AP flame to be 2 premixed and second-order reaction, ’CAP was

found to be (2) :

_b.5x 166

P

(sec) ... II-16

TAD

The flame height, 1 _, has been taken to be the same as that

oo

\ I
¥}

a” TNTIAN LT
AR (W5 Gy O § VYW1V § w7 9

e

1
1

<

Colisidere
The following equations resulted after simplification (2) :

[= A @xp (-Eijp) oo T

Ts

° L 8
ees II-17
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AS (Tt."'Tt )

r =

|
L, fp Cy(T-T)+w Q,, +{i-w) Qg ~WaH,,
.. T-18

II.B.4.b Method __c_>_f_ Solution

The resulting equations, viz. Equations [I-4, 17, and 18 of the

GDFD model contain three unknowns r, Ts’ and T,. The numerical

1.
procedure used tc solve these three equations is the same as that

described in Section II. B. 3. b and also in Figure 11-12,

II.B.4.c Results and Discussion

The results renorted in Reference 2 for the GDFD model were
obtained for the same typical prepellant used for the GDFC model
calculations described earlier (Section II.B.3.c). The burning
rates predicted by the GDFD muodel in the 1. 0 to 100. 0 atm. range
were found to be less than those predicted by the GDFC model.
The GDFD model results were not comnared with anv experimertal
data., The influences of matching point selection, oxida.t particie
size, mixture ratio, aund inilial temperature were not reported
in Reference 2.

Therefore, as part of the present investigation, the following

nimerical tests were made Lo assess the GDFD model:
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(i) A comparison of the predicted GDFD results with experi-
mental data (r vs. P).
{ii)  An investigation of the influences of matching points.
(ii1)  An investigation of the influence of mixture ratio on the
burning rate as predicted by the GDFD model.

These tests and their results are discussed in Chapter 1V,

II.B.5 Heterogeneous Reaction Mndel (HR)

I{.B.5.a Description of the HR Model

Hermance (17, 18) developed a model of composite - soiid -
propellant burning by incorporating effects of propellant surface
heterogeneity and of heat released at the surface due to a heteroge-
neous reaction between the oxidant pyrolysis products and solid
fuel binder. This model can be used to predict known combustion
characteristics like the burnirg rate, surface {emperature, etc,,

a priori , using only the propellant composition and component
decomposition characterist.cs as innut data,

rignre T1-13 describes schematically the structure of the surface

and the sites of heat gereraticn concidered in the HR model.
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I.B.5.b Major Assumptions

(i) Geometry :

solid phase - one dimensional
surface - three dimensional
gas phase - one dimensional

(ii) Steady state.

(iii) Uniform thermal properties.

(iv) Specifi~ physico-chemical processes :
The physical processes cousidered are heat conduction, and
diffusion.
The chemical reactions considered are fuel pyrolysis,
dissociative sublimation of AP into ammonia and perchloric
acid, exothermic reaction between fuel binder and products
of AP sublimation (heterogencous reaction), and exothermic
reaction between final AP decomposition products and fuel

vapors.

II.B.5.c Resulling Equations

Due to the complerity of the model and the numerous equations

involved, a detailed review is not given here. Hence, only the final

equations are listed below :
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r=a, epbiE)+ 2y [c’-"’-l

x exp (- ~ Eox ‘Esr) vo. II-19

§
b= bu + (20,) [~ 9] e [ Co”

2
+a} exb (- 9)“"“39"!9(‘@49& f(“c)-]

I1-20

. 2 —5’? ry
0, =0+, fI- exp[pa, e (L)]]

I1-21

3? bl bzy b3) 03; d,,

and other parameters involved are defined in References 17 and 18.

where e:%-f, and the constants a, a9, @
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I1I.B.5.d Method of Solution

The above equations contain three unknowns, viz. r, T, and Te
Numerical solutions were obtained by an iterative procedure

described in Reference 17.

II.B.5. e Results and Discussion

The results of the HR model were compared with experimental
data of AP/LP3 (6) propellants only. The model has been tested
comprehensively, and qualitative agreement has bcen found between
the predictions of the model and experimenta] data with regard to
the influences of P, dox’ w and T0 onr (17, 16). Since the experi-
mental data available for misture ratic variation were confined to a
narrow range of w (0.6 to 0,7), the results of the HR model were
not considered heyond w=0.7. Hence, an additional test useful for
evaluating this model would be to ohtain more results beyond we 0.7
and to study the predicted trends of r vs, w curves.

One of the most severely criticized asswumptions of the HR model
is the heterogeneous reaction considered to  be occuring in the cusps
There is no cxperimental evidence for the occurrence of such a

reaction.




P T T T T T TN A a5 A - BT Y TR b TNy 10408

43

I.B.6 Multiple Flame Model (MF)

II.B.6.a Description of the MF Model

The multiple flame model has been based on a flame structure
surrounding individual oxidant particles. Three s=perate flames
have been considered to suppiy the heat required for surface
gasification. They are as fcliows :

(i) A primary flame (P¥) surrounding the AP pariicle caused
by the reaction between a {fraction of AP sublimation products
and a fraction of fuel vapors. Both kinetics and diffusion
are assumed to be controlling.

(ii) The AP decomposition flame (AP flame) controlled by

kinetics alone .
(iii) A final flame (FF) caused by the reaction between AP
decomposition products and fuel vapors and is controlled

by diffusion alone.

In Figure I1-14, a schematic description of the MF model is

given,

LT
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I.B.6.b Major Assumptions

(i) Geometry :

Solid phase - one dimensional
Surface -  three dimensional
Gas phase - primary and f{inal flames- three

dimensional, and AP flame - one
dimensional,
(ii) Steady state.
(iii) Uniform thermal properties.
(iv) Specific physico-chemical proc'esses :
The physical processes considered are heat conduction and
diffusion.
The chemical reactions considered are fuel pyrolysis, AP
sublimation, primary flame, AP decomposition flame, and

final flame.

II.B,6.¢c Equations

Mass conservation at the surface gives :




where m' -  mass flux of the propellant,

T
n'a'éx - mass flux of the oxidant,
xfx'f' - mass flux of the fuel,
f_g_:_{ _ surface area ratio of oxidant to
SO total propellant, and
_‘__:{ _ surface area ratio of fuel to total
)

propellant .

n‘x'(')x and mf have been expressed in terms of pre-exponential factors,

A _and A , and activation energies, E__ and ©_, and the surface
ox £ 0x f

temperature, Ts’ as given below :

i

= A, €xp (-Eox/gr,) .- 123

oXx

h’-,: = A ex‘,(- B /RT, ) o T-24

j ?_9}_{ and _S_£ were expressed as functions of w and other factors
| S >

0
f which influenced the surface geometry.
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An energy balance at the surface was given by :

t
T,:=T, -w%i--(l—w) %f ¥ (u~(5¢)w[qc:" exp (- £,

¥ ¥
+ %—f—f exp (”gt:r)] + Pe %ff exp (- 5, )

P
* e H'“ZS

where Q's represent the heat of vaporization of solids and heats

released by various fiames, p‘_is the fraction of oxidant reactants

1
that react in the primary flame (PF), and gs are the nondimensional

N
flame stand-off distances of various flames, ('g- Comn .8
X

The flame heighls, x 's, were obtained for kmetxc-controlled

flames and diffusion-controlled flames in the following forms :

* m
X : —.-’_P1 00 II"26
(kinetic-contirolled flame) k
where k is the pseudo-rate constant and 8is the reaction order.
* '
x - f(?, oo) . o0 11“27
(diffusion-controlled fiame)
)
where Qis the nondimensional flame height given by Burke and

Schumann's thin-flame analysis (22),

47
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ILB.God Method _g_ Solution

The equations of the MF model contain basically {wo unknowns,
r and Ts,and can be solved numerically by an iterative procedure,
The burning rate behaviour with pressure, oxidant particle size,

mixture ratio, and initial temperature has been studied (19, 20),

I1.B.6. e Results and Discussion

The formulation of the MF model is found in two publications
(19,20). The major assumptions, the resulting equations, and the
method of solulions were the same in both these references, but the
input values used were different.

The following comments are made with regard to these two
presentations :

(i) Reference 19 contains a complete set of input data needed

for numerical calculations of the MF model; Reference 20
contains incompleie input data,

(ii) The results reported in Reference 19 are poorly supported
by experimental data. The results of Reference 20 are
somewhat improved.

In order to assess this model, a complete set of input data used

in Reference 20 has been obtained from one of the authors(23), and

further tests have been made on the MF model as part of the present
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study.

Mixture ratio effects considered in References 19 and 20 were
confined to a narrow range of w (0.6100.7). In order to study
the trends of r vs. w predicied by the M¥ model more calculations
are needed, and new rumerical tests made on the MF model in the

present investigalion are discussed in Chapter IV.

II.C CONCLUDING REMARKS

The precceding review of the prior experimental and theoretical
investigations of the burning of AP propcllants has established the
need for futher consideration of the influences of mixture ratic, and
the need for further assessment of the existing models by more
numerical tests.

In Chapter III, new experimental and theoretical investigations
undertaken in the present investigation with regard to the mixture-

ratio influences arc presented.

In Chapter IV, an assessment of the important theoretical models

is made based on a number of new rumerical test,
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CHAPTER Iil - PRESENT INVESTIGATIONS INVOLVING

MIXTURE-RATIO INFLUENCES

(B ia

r I, A BURNING RATE MEASUREMENTS ON PROPELLANT
ANALOGS

The influences of fuel and oxidant particle size on the mixture

ratio for maximum burning rates, w , were studied previously

r(max)
by Bakhman et al. (4), and McAlevy et al. (10) by varying w over a

wide range (beyond w , on the oxidant rich side). RDut the data obtain-

st
ed by Bakhman et al, (4) to study similar influences of pressure,

were not taken beyond w The occurrence of maxima inr vs, w

st’
curves has also not been well confirmed above 10 atm. (see Figure .
11-6). Hence, burning rates have been measured in the present
investigation over a wide range of w (beyond w st)’ for different
pressures, by using a loose-granule burner. The purpose of these
measurements is to supplement the previously obtained data (4) and
to verify those results.

The fabrication of the loose-granule burner, the apparatus used,
and the techniques used to measure the burning rate are described

in detail in Reference 10, and hence, conly new experimental results

are discussed at present.




IIILA. 1 Results and Discussion

s e e s e mean e meee

The results of the present investigation together with those of
reference 9 are plott.d in ¥ guce TII-1. It is seen clearly that
v shifts from the fucl-rich side towards tne stoichiometrically
r(may)

correct mixture-ratio as pressure is increased. This behaviour is

in conformity with the results of Bakhman et al. (4).

HI.B EXTENSION OF A SIMPLIFIED PREMIXED FLAME

MODEL TO ENCOMPASS COMPOSITE PROPELLIANT

BURNING

In the past, solid propellant burning models were based on
simple extensions of laminar, premixed flame theories to predict
burning rate characteristics, such as, the dependence of the burning
rate on pressure, flame temperature, etc., (3,12, 16). Since the
mixture ratio influences the structure of a premixed flame via
flame temperature a simplified, premixed, and laminar flame
model has been formulated as part of the present investigation to

explore mixture-ratio influerces on the burning rate of composite

soiid propellant.
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IiL.B. 1 Description of the Model

—— e o ynmm aom e - — e ve e e

é Figure IIT-2 illustrates the simple, premixed, laminar-flame
i
) model considered. A single premixed flame in the gas phase is

considered to release heat which, conducted to the solid surface,

causes regression of the solid surface, The temperature of this
flame is assumed fo be equal to the adiabatic flame temperature

of the propellant.

1. B. 2 Major Assumptions

. e e ha e - - a— ot

(i) The solid surface and the flame are planar and parallel to
each other (one dimensional).
(ii) Steady state,
(i3i) Uniform therrsal propertics,
(iv) An Arrhenius type expression describes the surface
pyrolysis of both AP and fuel.,
(vj A premixed, Iaminar flame ol sccond order exists in the
gas phase,

(vi) The temperature distribution in the gas phase is linear,

i',B.3 Equations

— e —— e wme

The surface pyrolysis of the propellant is assumed to be

described by an Arrhenius type expression given below:
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HEAT
ONDUCTION PREMIXED,
FROM THE FLAM LAMINAR, AND

SOLID SECOND-ORDER

FLAME

SURFACE PYROLYSIS
poo o= o - _/.‘4_-/.’.‘——'——.-_.—-TF
p
Ts
To """“"/

FIGIRE 111-2 & THE SIMPLIFIED, PREMIXED AND LAMINAR FLAME
MODEL
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Y= A; exp(Es/RT) veo IM-1

The notations used here are explained in Chapter 1I.
With the above assumptions, the energy balance at the surface is

given by :

-T -
EETEAR Nem———y
so III-Z

If the thickness of the reaction zone, 1, is specified as a function
of pressure (P), flame temperature (TF), mixture ratio (w), etc.,
thon Equations IIT-1 and I1I-2 can be solved for burning rates as
functions of P and w.

The thickness of the reaction zone, L, has been estimated as
follows :

For a second-order reaction, tbe reaction rate can be written as

reaction rate = B ‘;’;W("’w) exp(- Ez/?'rp)

111-3

From mass continuity, we get

rf,= LB S wo-w exp(Ea/r)
... I11-4




It should be noted here that the reaction zone thickness, L,
considered is similar to Lz’ ch considered in the GDF model,
except that a term, w (1-w), is included in the present model to
account for the dependence cf reaction rate on the concentrations
of fuel and oxidant.

Substituting the expression for I, given by Equation III-4 in

Equation ITI-2, the {ollowing equation for the hurning rate, r, has

been obtained :

1. * — % oxb (B ot
r - Jwi-w) P P( /7'12 7')

¢ (Te-To) +W Gap + (I-W ] &
Ag (T ~Ts)

Equation III-1 and I1I-2 were solved numerically for r as a
function cf w at various pressures. The input values used are
listed in Table III-1, The results are plotted in Figure III-3 and

are discussed in the following section,

III.B. 4 Discussion

In Figure II1-3, the burning rates, r, predicted by the simplified
model for a polyester/AP propeliant are plotited against mixture
ratio, w, for different pressures (P), and these r vs. w curves are

compared with a plot of flame temperature, T, vs. w.

2
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0.3
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1,27
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3, 75x10
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2450°K
2800°K
3n30°k
2960°K
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6

cal/OC-sec-cm
cal/ °c- gm
gm/cc

gm/cc

cal/gm

cal/gm

cm/sec
Kcal/mole
Kcal/mole

0
K

*
(W:: 0. 70)

(w=0, 75)
(w=0, 80)
{w= 0, 85)
(w=0.90)

(w=0. 85)

*
Calculated values assuming equilibrium among
combustion products

TABLE HI-1

LISTING OF INPUT VALUES USED FOR

PREMIXED-LAMINAR FLAME MODEL
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The following observations are made :

(i) The predicted burning rates attain a maximum value at a

mixture ratio, W (max)’ which is less than the stoichiometrically

&

correct mixture ratio, W
(ii) The pressure does not seem to affect the positions of the

mixture ratio, w 's, corresvonding to maximum burning rates.

r(max)

(iii) The flame temperature, T_, however, has a maximum

P
value at a mixture ratio near the stoichiometrically correct mixture
ratio, Wst’ independent of pressure.

These observations imply that although the premixed flame model
can predict the maximum burning rates at mixture ratios different

from Wop it is unable to predict the shifts in LA with pressure

{max)
variations such as are cbserved in experimental investigations.

Hence, two possibilities were considered.

(i) Due to nonequilibrium chemical effects, actual flame
temperatures may be differeni. from thoge caleulated by agenming
chemical equilibrium among the combustion products, or

(ii) The surface of the solid propellant may not be driven by the

heat conducted from a single premixed, laminar flame, as assumed

in the simplified model, but by multiple flames occuring in the gas

phase.
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II.C. FLAME TEMPERATURE MEASUREMENT

In order to check the possibility of nonequilibrium chemical
effects, flame temperatures of loose-granule burners were
measured at atmospheric conditions, for various mixture ratios.
The measured flame temperatures were then compared with
theoretical flame temperatures calculated by assuming equili-
brium among the combustion products.
A modified Sodium-D line (Na-D line) reversal technique
was found suitable for flame temperature measurements. Since
the technique requires the flame to be optically accessible,
loose-granule burners were fabricated by compacting mixtures
of AP and polystyrene in lead foil tubes rather than into stain-

less tubes or glass tubes as had been used previously (10),

ad foil tune wag chogen an that the re-
gressing surface of the mixture and the melling rate of the lead
foil were the same, The possibility of chemnical effects of lecad
on the flame was checked by measuring the burning rate, which

is very sensitive to the flawmne temperature, for loose-granule

burners in lead and in stainicws stecl twbes. These two burning

60
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rates agrecd within two percent.  The thermal effects of the lead

tube were also determined Lo be negligible since the heat required
to mell the lead is considerably 12ss than that required to pyrolyse
AP and fue! (e.g, 480 cal/gm fur AP, 175 cal/ym for a typical
fuel, and 6 cal/gm for lead).

The detlails of the moditicd Na-D line reversal technique, descrip-
tion of the apparatus used, and the errors involved in the measul ¢-
ments are discussed in Appendix A.

For comparison with experimental values, the adiabatic {lame
temperatures of AP/polystyrene systems were calculated for various
mixture ratios using a compuler program developed by NASA (22)

and raodified for use on Stevens” PDP 10 computer.

1H1.C.1 Results and Dispu;ssion

Experimentally measured flame lemperatures are compared

The maximum flame temperature in both cases occurs at the same
mixture ratio, This excludes the possibility of nonequilibrium
chemical effects being responsible for the maximum burning rate
occuring al mixture ratios away from Wy

Hence, the sccond possibility, that of multiple flames in the
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gas phase which supply the heat energy needed to pyrolyse the solid

surface of the propeliant, has been considered to be a reasonable

one.

As a first step, the comprehensive models which include more

than one heat source were investigated further.
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CHAPTER IV - NUMERICAL DIAGNOSTIC TESTS MADE

ON COMPREHENSIVE MODELS

1IV. A ~ INTRODUCTION

In the previous Chapters (fI and III), the reasors were stated for
making numerical tests on the existing comprehensive models of AP
composite propellant burning, These many such tests were not made
by the originators of these models. Therfore, as part of the present
investigation, a number of numerical tests were made on the GDFC

model, the GDFD model, the HR model, and the MF model.

IV.B GDFC MODEL TESTS

The following tests have been made on the GDFC model :
(i) A comparison of the GDFC-model results with experimen-
tal data {r vs.P).
(ii)  An investigation of the influences of different matching
points on the predicted results of the GDFC model.
(iii)  An investigation of the influence of mixture ratio on the

burning rate as predicted by the GDFC model.

e
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IV.B.1 Comparison with Experimental Data

o tma Maa i B WAL mew e e e tma e G e e m— .

While presenting predicted resulis of the GDFC model, Steinz
(2) did not cempare them witn any experimental data. Hence, for the
purpose of cemparison, a propellant (AP/LP3, doz-.; 78}0. , and
w 20, 65) for which data have been found to correlate well with
Summerfield equation (2, 6) tsee Figure [I-71 was chosen. Following
Steinz (2), a matching point at P22,04 atm. was chosen to determine
the empirical constants AS, ®, and ‘B Using the method of
solutions described in Figure [I-12. GDFC equations were solved
for the burning rate, r. asafnction of P. The input values used
are given in Table IV-1,

The results of the GDFC model. using Steinz's matching point
("low-pressure maiching') . are compared in Figure IV-1, It ig
found that the GI3FC model predicts lower Jurning ratec above
2.04 aum. and higher rates below 2.04 atm. The error in correla-

tion between Lhe wiodel and experimental data is about 30% at 1u0 atm.

IV.B.2 Infiuence of Matching Points

e s e e — - - - Vi —mm o — Gvm -

In order to studv the infiuence of matching poimts on the predic-
tions of the GDFC model, two matihing points other than ithat used
by Steinz (13.6 atm. and 100 atny, 1 were tested. The empirical

cunstants As, & . and 3. were determinec at these naatching points




.)ss = 2. 0x10” cal/°C-cm-see
cg = 0.3 cal/oC-cm-sec
YAP = 1.95 gm/cc
yf z 1.27 gm/cc
QAP = 480 cal/gm
QG 175 cal/gm
AH,, = 810 cal/gm
T, = 300 oKk
ox = 8 micruas
w =z 0.65
T, = 2351 °k
E g 15 Kcal/mole
Eq = 20 Kcal/mole
MATCHING POINT T. %) A p
P (ATM) > (cm/ séc)
2. 04 900 180 1.161x1079 | 0. 152
13.6 1000 920 1.067x10"" | 0. 110
100. 0 1100 1073 8.32x10°5 {0. 093

MODELS

SRR S AR P L S L S

TABLE 1V-1 INPUT VALUES USED FNR "GDFC" AND "GDFD"
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(see Table IV-1), and the GDFC equations were numerically solved.
These results also are plotted in Figure IV-1, which show that for
the high-pressure matching point (100 atm. ) the predicted burning
rates are higher than the experimental values. and the perr 2ntage
error inr at 2.04 atm. is about 60%. For a mid-pressur matching
point (13.6 atm. ). the GDFC results were in considerable disagree-

ment with experimental data .

- — ——— M . Sa m— —— - — —— o

A further test involving the mixture ratio influence onr as
predicted by the GDFC model was considered. NMumerical solutions
tc the GDFC equations were obtained by considering a typical
propeliant which was considered earlier by Steinz {2), Steinz's
values for the constants «, § . and As were used for calculations
at otner mixwure ratiog (w ranmng from 0.7 to 0.95). The flame
TelNeratures used as inputr vatues are listed in Table III-1. The
resulting vredictions of the GDFC model ana experimental data are
compared ir. Figure IV-2, The follewing conciugions can be drawn

(i) r increases monostonically witn w. ana no maximum burning

rate 1€ predicted bv the GDFC mode.. This is a consequence

of the collapsed AP fiame assumption, which allows more

heat to be generated at the surface as w is increased.

e et B TR R i
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(i1} The mixture-ratio sensitivity, 5.5".;_:’ , predicted by the model

is of the same order of magnitude as those shown by
experimental data at low pressures, but at higher pressures,
it is too low,
From these tests, it was concluded that the GDFC model is not a
very reasonable model. herefore, it was not considered for any

further tests or modifications.

Iv.C CCFD MODEL TESTS

The GDFD model was also subjected to the same tests which
were made on the GDFC model. Figure Iv+-3 shows a comparison
between GDFD results and expei iiz~ntal data for various matching
points. The matching points used in the GDFD-model calculations
were obtained from the GDFC-model calculations. Since the GDFD-
model predictions of r are alwayvs less than the corresponding GDFC-
model predictions, burning rates given by the experimental data and
those predicted by the GDFD model are not the same at various
matching points. It is clear from Figure IV-3 that the disagreement
besween GDFD results and experimental data is great at low
pressures, whe~2 the distended AP flame assumption is supposed to
be reasonnble. Hence, any niodification to be made ou the GDFD

meodel should be aimed at improving it in the Jow pressure range.
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IV.C.1 Influence of Mixtur~ Ratio

Mo G e et o — - — s g Wn Wmn S M.

The results of the GDFD model with regard to the mixture-ratio
influences on the burning rate are shown in Figure IV-4, Tre
following observations are made :

(i) r vs. wresults predicted by the GDFD model attain a

| maximum at w's different from Wt at low pressures. This
trend is in accordance with those shown by experiments.

(ii) The mixture ratio-sensitivities, é%!s.' , predicted by the GDFD

model are much lower than those observed experimentally.
Because of the observed qualitative agreement between predicted
and experimental trends, a few more numerical diagnostic tests
were made. The purpose of these tests was to establish a basis for
modifying the model in order to increase the too-low mixture-ratic
sensitivity of the model, while still maintaining its qualitative

correct predicted trends.
IV.C.1l.a Modified "a'" and '"b"

Two possible sources of mixture-ratio effects, whici do not
appear in the GDFD model were introduced by modifying the GDFD
maodel expressions for "a' and "b" (Equations II-13 and I1-14).

Though not accounted for in the original GDF mode! formulation

(2;. the chemical-time parameter "a" , is sensitive to mixture-ratio

TR oW
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variations because "a'" depends on the reaction rate of the granular
diffusion flame, In the original formulation of the GDFD model,
the reaction rate was expressed in terms of the flame temperature,
pressure, and other parameters (see Equation II-6). Because the
reaction rate is expected to depend on the concentration of the
reactants, a modified expression for the reaction rate, given by
Equation ITI-4, has been considered in the present investigation.
Denoting the modified a by a’, the following relation can be

es tablished between 2 and a' ;

' Q.
a ces IV-1

wl=wv)

Since the empirical constant,of, varies directly with a, a modified

[}
o, Vviz.,o can be written as :

o
Jw-w)

K~

The diffusion-time parameter. 'b", considered in the original
GDF model was assumed to be sensitive to d0 < only, sdince }A. R
the mass of each fuel pocket, depended only on doxn It is reasona-
ble to assume that the mass of each fuel pocke: can vary with the
mixbire ratio also. }L is expected to uecrease as w increases. The

following functional relationship has been considered between ’A-
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and w :

}L ~ (‘-W) ‘F(dgg) ere IV-3

’-’* >
Since, bwM , bi(l-w), as b~(3 , then
: 7 -
ﬁ ~ (3 (l_w) 3 e e IV 4
The GDFD equations (Equations II-4, II-17, and I1-18) were

solved with both old and new empirical constants viz.,ef ,(3 , 4 "

and‘%'. The following values were used :
o= 82x16°; P=zo-1099  (Calculated from data of Ref.1)
o= 3.13-,,“5" ; P=01642 (From Equations IV-2 and IV-4)

The predicted results of the GDFD model for both new and old
parameters o and @ are compared in Figure IV-5. Although the
trends of the r vs. w curves have been preserved, the modification

has not improved the mixture-ratio sensitivity, %’.‘3 .

Iv.C.1.b Modified "Pyrolysis Rate Equation'

In the original GDFD model, an overall surface-pyrolysis rate
equation was assumed to describe the surface pyrolysis (Equation II-
4). This equation does not contain any term involving the mixture

ratio, w. In the MF model (19, 20), a different surface pyrolysis
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rate equation containing mixture ratio, w, was considered
(Equation iI-22). Hence, Equation II-4 was replaced by Equation II-
22 and the resulting equations of the GDFD model {Equat.ons Ti-17
and 1I-18) were solved for the burning rate while varying the mixture
ratio. |

The results obtained using both the original and modified pyroly-
sis - rate laws are shown in Figure IV-6. This modification basica-
11y changes only the magnitude of burning rates while preserving
the trends of r vs. w curves. It has not increased the predicted

mixture-ratio sensitivity, dnr,

w

iv.C.2 Further Numerical Diagnostic Tests (Inverse

D e T T .~ T C VU —

As the previous tests failed to improve the GDFD model, with
respect to mixture-ratio sensitivity, the following diagnostic tests
were made w isolate pasticulair mechanisms which, when included,
might improve the GDFD model. It was observed that both the

energetics (heat generated at the first-stage flame, AH,) and kinetics

Y
(reaction time of the first-stage flame, ’l“ ) play important roles in

the predictions of the GDFD model. These roles were investigated

by means of an "Inverse Procedure''.
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The inverse procedure involves using experimental burning-rate

£ Y a0 PR R

data for various pressures, particle sizes, and mixture ratios as

PN

input values in the GDFD equations to calculate the heat generated at

[iateaes

the first-stage flame, AHI, and the reaction time of the first-stage

e S

flame t"

The experimental data used here were taken from Reference 1
for AP/ P13 propellants with w=0.7, andd =16 P and 120 M,
The GDFD model was forced to predictr vs. w values for wz 0,75
and doxz 16 p« and 120 p+ by suitable choices of = and (5 Such a
method had to be used since the GDFD-model-predicted-values were
lower than the experimental data (see Figure IV-3). This selective
choosing of values for « and (3 can be justified: The purpose of the
inverse procedure is not to obtain quantitative results but rather

qualitative results which can provide clues for improving the model.

The set of values used for and@ so obtained for w = 0.75 and

d F 18t and 120p, were used along With r vs. P dala ior w=0.8
in the GDFD equations to calculate 4aH, and T, .

In calculating AHy , Twas assumed to be a constant with respect
to dox and w but was varied inversely with P, as given by Equation
II-16. The results of the inverse procedure for calculating 4H, are
shown in Figure IV-7, These results indicate that if the heat genera-

ted at the first-stage flaine were higher, depending onP, d and

ox’
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w, the GDFD model would have predicted reasonable results.

The inverse procedure was also used to calculate the reaction
lime of the firsi-stage flame, T, from the GDFD equations by
assuming 4 H1 to be constant with respect to P but by assuming a
linear variation with respect to w (as assamed in the GDID model).
These calcul alions yielded unrealistic values for f‘, (sometimes
neagative values were obtained). Therefore, it was decided to vary
the reaction time for the firsi-stage flame, ’L" , ina reasonable way
with respect to w and to solve the GDFD equations with the modified
‘q . It was noted that from the results reported in Reference 2
that the reaction time for the second-stage flame in the CDFD model

viz., 'L’z, varied with both w and P. ’C‘zis given by

5/
PM (T, E, b
e - o0 : e T2
(T { 5 @b (737,)+ Ao ‘;‘?';;“'1?/3}
oo IV-5

where M is the average molecular weight of the gases, and R
is the universal gas constant. All the other cuantities in Equation
IV-5 have the same mearing as those described in Chapler 11,
At low pressures, it was alsu obgerved that 'I",_was about 10 times
greater than 'z_". Hence, in order to vary T, with both P and w, the

following relation belween Tand 7,was considered.

T‘ - 0', fta. LY IV"S
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The GDFD model equations were solved numerically with T z01 Y
and Tz=T,. The results are plotted as r vs. w for P 1 atm. and
are compared in figure IV-8. It is clearly seen that ther vs. w
curves corresponding to 't;zo-s'(‘.have a steeper slope thanther vs. w
corresponding to ’t}:‘r”, These results show that if the kinetics of
the first-stage flame can also be varied by some mechanism, then

the GDFD model can predict increas~.d mixture-ratio sensitivities,

alr,

————

oW
The results of the inverse procedure clearly indicate that the

GDFD model can be improved if the first-stage flame were perturbed
by some mechanism ‘vhich would change the heat generated at the

first-stage flame and the reaction time of the first-stage flame.

IV.D HR MODEL TESTS

The heterogeneous reaction model (HR) has been tested in a

comprehensive manner nreviously (17, 18)

4 '

These tests showed
the model to prelict burning rate behaviour, which is qualitatively
in agreement with experimental results. However, in these tests,
mixture ratio influences were considerad only for a narrow range
of variations in w (0.6 to 0.7). Hence, the trends of r vs. w curves
were not evident in these numerical model tests. Therefore, as

part of the present investigation, a further test involving mixture-
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ratio influences was made,

IV.D.1 Influence of Mixture Ratio

W e e o — o —

The equations of the HR model were numerically solved for
mixture ratios beyond w=0.7. The program for numerical calcula-
tions was supplied by the model's originator. The basic equations
employed in the HR model, viz., mass conservation and energy
conservation, allow the model to be extended to the limiting case
when w=1.0 (pure AP). However, an error developed in the
program prevented the calcultions from being carried beyond
w=0.95 for d_= 20kand w=0,9fo~d = 200k. Hence, the

0x ox
numer ical calculations were not carried beyond w=0.95 for d 72 204
and w= 0.9 for d_= 200k,
0x

The results of the HR model are plotted as r vs. w in Figure iV 9

for varying P and do‘{. It can be seen clearly that the HR model does

not predict maximui values for r. This trend is contradictory to

the experimental data trends.

IV.D.2 Discussion

The major objection to considering the HR model any further

o

- ;;t

is that the heterogeneous reaction assumed in the model seems to be

an important mechanism which influences the burning rate prediction
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of this model. However, no experimental evidence has been found so

far to support the existence of such reaction. This fact coupled with
the fact that the model predicts no maximum for the burning rate, led
toward abandonment of this model as a basis for any modifications or

additional tests.

IV.E MF MODEL TESTS

Numerical solutions were obtained for the multiple flame model
(MF) equations by using a computer program supplied by the origina-
tors'of the MF model. The complete set of input data found in
Reicrence 19 were used, and the results reported in Reference 19
were reproduced, However, numerical calculations made with the
incomplete set of input data found in Reference 20 and additional data
suggested by an originator of the MF model (23) yielded results which

did not agree with those 1 epcrted in Reference 20. In Figure IV-10

(i) an error might have developed in the program, or
(ii) a still different set of input data might have been

used to get the results reported in Refernce 20.

In any case, the results of Reference 20 should not be considered
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useful until a complete set of input datz iv available.

Besides the above mentioned discrepency, there are a few other
demerits of the MF model,

in estimating the diffusion flame heights, the analysis of Burke
and Schumann was used (22). Since the flame structure assumed in
this model requires all the flames to envelope the oxidant particle,
only fuel-rich diffusion flames ("underventilated") can be considered.
This restricts the propellant composition that can be described by the
MF model to fuel-rich compositions. Hence, mixture-ratio
variations cannot be considered over a wide range.

Another major dra whback of this model is the assumption that the
primai y flame temperature is equal to the adiabatic flame tempera-
ture of the propellant. The primary flame is the reaction between a
fraction of AP products and a fraction of fuel vapors. The fraction
of AP products that react in the primary {flame, ﬂp’ is a function
cf pressure and particle size. Therefore, the primary flame tempe-
rature should depend on these variatles. The adiabatic flame tempe-
rature does not, however, depend on either the pressure or the
oxidant particle size. Thus the validity of assuming the calculated
adiabatic flame temperature and primary flame temperature as

equal is questionable.
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¥or the reasons stated above, the MF model was not considerea

for any further modifications or tests.

IV.F CONCLUSIONS

The resulfs of numerical diagnostic tests made on several
comprehensive models have indicated the GDFD model tc be a
promising one, i.e,, one which might possibily be modified to
predict results in better accord with experimental data, Such
improvement should be in two categories :

(i) an increase in the predicted burning rates at lower
pressures, and
(ii) an increase in the mixture-ratio sensitivity of the
| burning rates.
The results obtained by the "inverse procedure' indicated that

the GDFD model could be substantially improved if the first-stage

flame were perturbed. A mechanism for such perturbation is that
of intermixing of fuel vapors into the AP decomposition flame and
of consequent additional reaction. This mechanism was long ago

suggested by Chaiken and Anderson (19, 20) and quite recently

E accounted for in the MF model (19, 20).

i
9
3
A
¥
B
A
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=

A modified granular diffusion flame model incorporating the

above mentioned has been formulated and tested in the present study.
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CHAPTER V - MODIFIED GRANULAR DIFFUSION FLAME MODEL

A modified granular diffusion {lame model (MGDF), incorporating
the intermixing of fuel-vapors into the AP decomposition flame and
the consequent additional reaction with the AP decomposition flame,
is described below, The major assumptions made, the resulting
equations, and the numerical tests made on the MGDF model o assess

its validity are also described in the {following sections.

V.A DESCRIPTION OF THE MGDF MODEL

The MGDF model considers a two-stage flare in the gas phase to
provide the nec2ssary heat required to gasify the surface. The first-
stage flame is a perturbed AP decomposition flame and the second-
stage flame is a granular diffusion flame. The perturbation of tne
AP flame is due to the intermixing of fuel vapors into the AP flame
and ibe additional reaction wiih ihe AP {lame., Figure V-1 describes

the MGDF model.

V.B MAJOR ASSUMPTIONS

The following assumptions are made :

(i) One dimensional.

(ii) Steady state.
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(iii)  Specific physico-chemical processes :
The physical processes considered are heat conduction
and granular diffusion.
The chemical reactions considered are fuel pyrolysis,
dissociative sublimation of AP into ammonia and
perchloric acid, a perfurbed AP decomposition flame,
and a granular diffusion flame.

(iv) Linear temperature distribution in the gas phase.

(v)  Uniform thermal properties.

V.C EQUATIONS

As a consequence of the above mentioned assumptions and
modification, the resulting equations for the MGDF model are the
same as those for the GDFD model (Equations II-4, 1I-17, and II-18)
Only the input values related to the first-stage flame, viz., AHI’
the heat generated at the first-stage flame, and ¢, the reaction time
of the first-stage flame, are different. In the GDFD model these
two input values are determined irom the deflagration data for
pure AP, but in the MGDF model, they are determined from the
intermixing mechanism of fuel vapors as functions of pressure,

oxidant particle size, and weight fraction of oxidant, as described

below.
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ﬁ#?‘ffru

Following the notations used in Chapter II, the set of equa:ions

U L B

to be soived in the MGDF model are ;
o e V"l

F= Ag exp(-Es/rRT;)

SRRy

SR En
v v Cah

Te

-

[ e ]

R
=
1t

LI V"2

w
1t

| [ Ag(T-To) l
ngp { CqiTi-Ta) +W Qp ¥{-w) Q. ~W AH, )

teoe V"3

The modified input values AHl and ’C:were determined as follows.

*

Let 'I‘1 denote the true temperature of the perturbed AP flame.

Due to the additional reaction between the fuel vapors that intermixed

with the AP flame, T; could be determined if the amount of fuel

vapor that reacted with the AP products could be specified. Once

*
Tl has been determined, then following the original GD¥D model,

the following equation could be used to determiie al, ¢

- g cer V-4
AH! - Csc-r!'".]o) + qu
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3
S R, TS Ry

g Assuming that the perturbed AP {lame is a second order reaction,
3 7. is given by;
|

T §y &p (- E/a*)

or X

T -7: L) V"‘5
R exp (-E/rT*)

The constant C, is determined from the condition that, for

* 65X Qo"’ )
Ty =Tpp " Tz Tp ™ -v-:§-—-* (Equation 1I-16).

sec-alm
(=g )-
ok

In order to determine the amount of fuel vapor thal intermixes

C, was found to be 1.8 x 10_

1
with the AP flame and hence, T * , the following model was
considered. Following Figure V-1, let dox denote the oxidant
particle diameter, L, be the height of the first-stage flame above
the surface of the propellant, If n’lf repregents the mass flow rate

| (gm/sec) of the fuel that intermixes through the cylindrical surface

area surrounding the AP particles, ‘hen

rﬁ{‘ - ‘?9 vV A vese V-G




where ?g is the average gas vhase density, V is the diffusion

veiocity, and A is the area available for mixing.

V can be writlen as :

‘/ '::.' .?-u)m o 0 V""T
Ao
1.75
where D (the diffusion coefficient)y —p—=) vee V-8
v [4 -
A - 1‘ qox L.' e V 9

Using Equations V-7 and V-9 in Equation V-6, we get
Y ~ o 0 V-]-O
e § DL,

In Equation V-10, 5:’3 and I’ are related to P and T by ithe perfect

.+ lew and by Equation V-8, respectively, and L, is given by,

1
H]
17 ... V-11
= (.,..I.)'e; v
fg

wbere m", i (he mass flux of the propellant (= S’Pl’ )

T
The reaction time appearing in Equation V-11 is given by Equation
*
V-5, Since T L is an unknown quantity, introducing it into the expre-
*

ssion for would involve an iterative method to determine T, .
¢ 1

Hence, for mathematlical simplicity, it was assumeced that an average

temperature Tav’ given by the following cquation be used in the
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place of '1"1 in Bquatica V-11,

Tt Tap V-12

To:v: 2.

where 'I‘2 and T AD are the propellant and AP {lame temperatures,
respectively,

The reaction time, ’t:, used in the present model is given by;

|
i 9‘3 exp (- g/ﬁ'ﬂw)

T = q
.. V-13

Equation V-10 can be reduced te the following {orm by using

Eceuations V-11, 17-12, and I1-13 ;

+ 2%
Fﬂ f‘: ‘—h!l Qv ¢ V"‘{A.
2 3
£ TP exp(-Ery)

Letting m'" represent the mass flux of AP, then the mass
ox

flow rate r'nox (gm/sec) for a single particle is given by ;

P - OK ¢ 88 -~ 0
‘(n ox on n (”‘Z‘Z.’ )
oy
The ratio ﬁ‘aox can then be written as
. . ’l T“ 2‘15
m{, m'r . W
el SR g 2
e - .
b, Mgy oz P xbf M) v-16
e . . o yeltaus g vy
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The ratio -.3-;.! is given by :

m
oxX

. N
a2 ot e ‘9_?:. e e e V"l’?
':f‘ [14 """")
IR (33

Finally then, combin.iy Equation V-16 and V-17, the ratio of fuel to
oxidant in the {irst-slags flame is propertional to functions of
pressure, oxidant particic size, and other propellant properties is

given by :

. ".1.-1‘5
h'l'{. ?p .T.(/;V
S Q . >
Mgy “ ?ox dex p* anp(” !:'/""T:zu)

LI Y V"'18

02 is a constant which can be determined empirically by matching
the burning rates predicled by the model and given by experiments
at a matching point. Delails of the determination of C2 are given in
Section V.D.

Once the fucl-to-oxidant ratio of the first-stage flame is deter-

b d

mined from Equation V-18, can be determined {rom thern.o-

"X
chemical calculations (22). I{ should be noted that the present
model predicls that the amount of fuel mixing with the AP {lame is

greater at low pressures and for small oxidant particle sizes

T A e X B RS TRNIA
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(Equation V-18), which is in agreement with the results indicaled by

the inverse procedure in Chapter IV (see Figure tV-T).

V.D METHOD OF SCLUTION

The following steps were used in solving the MGDF-model
equations :
{i) A pror-llant whose burning rate data correlated with
Summerfield’'s equation was chosen., The empirical
constants As’ e, and @» were determined as describ-

ed in Chapter 11,

(ii) A pressure (P) was chosen in the low pressure region,

where the modification on the GDFD model would be E

m . . :
__f_ was determincd from Equation V-18 '
m.

by assuming a reasonable value for 02 and for the

efiective,

input values of w, dox’ ete.,

.

(iif)  For the mf“_ calculated in step (ii), the correspon-
« m
ding Ty w358

}e{termined from thermo-chemical
calculations.

(iv)  The modified input values {.\.Hl and "C"were determined
from Equations V-4 and V-13, respectively.

(v)  With the appropriate input values (siteps i and ii),

the resulting equalions (Equations V-1 to 3) were

TR R A N < oy

TR L e P



solved nmumerically to colain v at the selected
y M vepr
pressure (P). The listing of the computer program used
is given in Appendix B.
Vi The calculated 1»_ was compared with r ’
(vi) MGDF P EXPT
they were different, a new C2 was assumed ond steps (iii)
to (v) were repeated until agreement was reached,
(vii)  The constant Cq determined in step (vi) was used to

calculate »r as a function of P, d rte.,

ox?

V. I RESULTS AND DISCUSSION

The MGDF meoedel bas been subjecled to the following tests in
order to check ils predictive capahility for predicting burning rate
variations with varying pressure (P), oxidant particle size (d OX),

mixture ratio (w), and initial temperature ('1‘0).

V.E.1  Pressure Rffects as Predicted by the MGDT Model

The MGRY¥-model cqualions were solved for burning rales at
various pressurcs for a propellant whose r(P) data correlated well
with Summerfield's equation, viz. Equation 1I-1. The propellant
chosen for this calculalion was an AP/LP3 propellant with w =0, 65
and do ;‘— 18 Ib‘ The experimenial data, i, e, r vs, P data, were

taken from Reference 6.

b, o2 ST y e X i e
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The necessary input data needed for the numerical calculations
are listed in Table IV-1. The empirical constauts As’ o{, and (:5
were obtained {rom a high pressure matching (P 100 atm.) proceed-
ure described in Chapter I1I. The constant C2, introduced in the
MGDF model, was determined by the iterative procedure described
in the previous section (Section V.D) by matching the burning rate
predicted by the MGDF model with thé burning rate given by
experiment, at a low pressure (P= 2,04 atm.). The value of Cy

-17
obtained by the iterative procedure was found to be 1.0 x10 1

( ¢mi-atm’) ‘
og2. 75
Figure V-2 shows the predictions of the MGDF model compared
with the results of both the GDFC and the GDFD models and also with
experimental data,
The following conclusions can be drawn {rom this comparison :
(i)  The burning rates predicted by the MGDF model are
in good agreemeaent with the ¢cx
pressure range of 1 to 100 atm, The maximum error
in this range between the MGDF results and experimen-
tal results is about 10%.
di)  The results of the MGDT model are clearly much

better than those of GDFC and GDFD models. The

improvement is quite significant at the low pressure
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region, where the GDFC and GDFD models predict
higher (about 60% abeve the experimental burning rate)
and lower (about 40% below the experimental burning

rate)burning rates, respectively.

V.E.2 Particle Size Effects as Predicted by the MGDF

o - s ek e Mms S awm A mase e mmte R e e e e maa A MeR S i betm G Gume e T

Model

— - — —

In order to test the MGDF model's ability to predict the effects
of oxidant particle size (d o:»'.) on the burning rate, an AP/LP3
proyellant containing 140 4 AP particle size and 65% of AP by weight
was considered. The experimental data (r vs. P) for this propellant
have been shown to correlate well with Summerfield's equation
in References 2 and 6. It should be noted that the propellant chosen
here has the same composition as that considered in the previous
section to study pressure effects, i.e., bothare AP/LP3 propell-
ants and wz 0. 65 for both of them. Only the particle sizes of these
propellants are different.

As explained in Chapter II, the variations in the particle size
affects only the diffusion-time parameter b, and hence, the
empirical constantﬁ. Therclore, for the numerical calculations
only {5 has been changed while keeping other constants ¢, Cl’ Co,

etc., the same as those cited for 78}particle size inthe previous



section (Soctlon V.E. 1)

Since the constant C2 used for 140M and 78§ AP particle sizes
were taken to be the same, an iterative procedure was not required
in this case. Thus the MGDF equations were directly solved for the

burring rate at various pressures.

In Figure V-3, a comparison of the MGDF results with both the

GDFC and the GDFD results and also with experimental data is made.

As seen clearly the predicted results of the MG T model are in
good agreement with the experimental datg and are much closer than
both the GDFC and the GDFD results. Since the propellant considered
presently contains a larger particie size than the one considered in
studying the effects of pressure on r, it is concluded that the MGDF
model not only predicts the effects of pressure on the burning rate

correctly but also the effects of oxidant particle size effects in

V.E.3 Mixture Ratio Effects as Predicted by the

G et L G e miam T A e e Smne e mm SemA e aww et Som e suav G e 40T e

One of the objectives in modifying the GDFD model was to
increase the too-low mixture-ratio sensitivity, Q}f},", predicted by
w
the GDFD model. To test the MGDF model inthis regard, the MGDF

model equations were solved for input values appropriate for an
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AP/P13 ?ropellant withd =16 M- (1). The empirical constants
needed for the numerical calculatic;n.s, viz.,, As’ A, (5 , and Cy
were determined for w= 0,75 and these values were ther used for
other mixture ratios (i.e., w=0.8, 0.85 0.9, and 0.95). These
values are listed in Table V-1,

The MGDF-model results are plotted as r vs, w in Figure V-4
where they are compared with both the GDFD-model results and the
experimental data. Ii: is seen that the sensitivities given by the MGDF
model are much higher than those given by the GDFD model. For
example, the r.nixmre-ratio sensitivity, 3_.}:_’“!', given by the GDFD
mode] is about 1.5 and the sensitivity given by the MGDF mod¢l is
about 5.5 for P=2.04 atm. 71he experimental results show an
average value of about 5. 0 for mixture ratio sensitivity ‘at the same
pressure,

Comparison of the MGDF-model results with experimental data
could not be made beyond w=0.8, because experimental data are not
available at present. Hence, only a qualitative comparison can be
made between the MGDF model predictions and exisiing analog data
with regard to the trends of r vs. w. The MGDT model predicts
maximum burning rates at different mixture ratics depending on the
pressure. Such a bechaviour of the burning rate has been observed

in the studies involving analogs of propellants,
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FLAME TEMPERATURES

T, = 2450 %k (w=0.175)
T, = 2800 %k (w=0.80)
T, = 3020 %K (w=0.85)
T, = 2960 K (w=0.90)
'rzl = 2500 °Kk (w =0, 95)

EMPIRICAL CONSTANTS

X = 6. 136x10“5

B = 0. 2659

C = 1. fsxm’l2
1 -18

Cz = 5. 0x10

TABLE V-1 -~ LISTING OF INPUT VALUES USED IN THE
MGDF-MODEL CALCULATIONS
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AP/P13 PROTELLANT

d<>:ac= 16 p

-  MGDF MODEL
===~«= GDFD MODEL
o EXPT. DATA , P=2.04 ATM,

o (REF.1)
| L EXPT. DAT‘ s P=1306 Amc

13.6

BURNING RATE (CM/SEC)

r,

v, WEIGH? FRACTION OF OXIDANT i

FIGURE V-4 :  MIXTURE-RATIO INFLUENCES AS PREDICTED BY THE
MGDF MODEL
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V.E.4 -+ Initial Temperature Fifects as Predicted by the
3 MGDF Model
. TEEEeee
;E Finally, the MGDF model has been tested for initial-propellant
% temperature influences on the burning rate. The propellant consider-

ed for numerical calculations was an AP/LP3 propellant with
d_ = 140Rand w=0. 65. Initial temperatures were varied between
306°K and 200°K. The resulis of the numerical calculations are
plotted in Figure V-5,

The MGDF model predicts that the burning rate increases as
the initial temperature is increased over a wide range of pressure.
This prediction is in gualitative agreement with the experimental
data. The initial temperature sensitivity,és‘?j_ r, given by the MGDF
model is about 0.08%/ oc, Whereas the ex:erimental results
available for a different vropellant (AP/PBAA) (7) is about
0.2%/0p. The lower initial temperature sensitivity given by the
MGDF model may be due to the fact different propellants were

considered in the experimental and theoretical investigations. Hence,

no definite conclusions can be made about the merits or demerits of

the MGDF model based on this test.
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V.F ‘ CONCLUSIONS

On the basis of the above tests made on the MGDF model, the
following conclusions are drawn ;
(i) The MGDF model predicts reasonable burning rate
variations with pressure in the range of 1 to 100 atm.
The MGDF gives results which are much closer to
experimental data than those of the GD¥” ' and GDFD
nmodels. .

(ii) .The oxidant particle size effects predicted by the
MGDF mod.l are also in agreement with experimental
data and in closer agreement than those of the GDFC
and GDFD results.

(iii) The mixture-ratio sensitivities predicted by the MGDF
| model are essentially the same as those given by
experimental data and are much higher than those
predicted by the GDFD model.

(iv) The predicted dependence of the burning rate on the

initial propellant temperature is qualitatively in

agreement with experimental data..
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CHAPTER VI - MAJOR CONCLUSIONS AND SUGGESTIONS

FOR FUTURE RESEARCH

VLA MAJOR CONCLUSIONS

The present experimental and theoretical investigations with a
loose-granule burner and the theoretical investigations with a
premixed, laminar flame model indic;  l.at the gasification of the
surface of a composite solid propeliant is probably driven by multiple
heat sources (flames) in the gas phase. The influence of mixture-
ratio on the burning ra.xte cannot be explained using simplified
mechanistic models which consider only one flame in the gas phase.

One of the important reactions in the gas phase has been shown,
in this study, to be a reaction between fuel vapors intermixing into
the AP flame and AP products in the area surrounding each AP
particle, Although this mechanism was proposed long ago by
Chaiken and Anderson (14), its importance has not been established
until this investigation, |

A modified granular diffusion flame model, formulated by
including the above mentioned mechanism in the GDFD model, gives
results which agree with experimental results mére closely than

do results from the GDFD model. The MGDF model has been

comprehensively tested against experimental data and is claimed
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to be the most valid model in that it is based on reasonable mechanis-

*

tic grounds and it is capable of predicting the influences of important

variables on the burning rate as indicated by experimental results.

VI.B SUGGESTIONS FOR FUTURE RESEARCH

There is a nced for further more comprehensive data for
composite solid propellants, especially for mixture-ratio (w) varia-
tions. Hence, it is suggested that future experimental investigations
be planned to obtain comprehensive data at least for those which obey
Summerfield's equstion. )

The simplified assumption made in the MGDF model with regard
to the change in the first-stage flame kinetics (’C“ ) (.e. T, Was
used in Equation V-13 instead of TI) should be removed by replacing

%

Tav by T1 and an iterative procedure be used to solve MGDF equatiomns.

The model should be tested for propellants containing fuels other

than LP3 and P13.

A h

Since the MGDF model cannot predict either platau or mesa
burning behaviour of propellants, it is suggested that further

modifications should be made to enable the model to predict these

experimentally observed burning rate behaviours.
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APPENDIX A - FLAME-TEMPERATURE MEASUREMENTS

A modified Na-D line reversal technique has been used to measu-
re the flame temperature of the loose-granule burner. The method
was used previously by Sutherland (1) and Derr (24) for similar
purposes. The theory and the derivation of equations have been
reported in the cited references. Hence, in the following sections,
only the fabrication of loose-granule burners suitable for temperature
measurement is described along with the instrumentation and error
evaluation used,

This method depends on measurment of the radiation intensity
from a flame in a finite spectral region, i.e., that of the Na-D lines
(0. 5890-0, 5896 r.'»). Flame temperatures were calculated from
variations produced by intermittently transmitting light from a

tungsten lanip through the flame., Using Wien's law and Kirchoff's

iaw, the fiam e temperature can be expressed as a function ol
1 1. brightness temperature of the tungsten lamp, 2. intensity of the
tungsten lamp, 3. intensity of the flame and 4. intensity of the lamp
after being absorbed by the flame,

ot The following equation expresses this relationship :

{ \ Y
- 1+ 2 |y
g TF 'TI-;‘,L C’_ :Ds ’
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where T is the flame temperature, T is the hrightness
F Br, L

temperature of the tungsten lamp, is the mean Na-D lines wave

length, ¢, is the physical constant in Wien's law and Dy, Dz, and D3

2
are the deflections produced by radiation from the lamp, radiation
# from the lamp after being absorhed by the flame, and the 1adiation

from the flame, respectively.

A.1  FABRICATION OF LOOSE-GRANULE BURNERS

Because the method used is an optical method, it requires that
the position of the flame under investigation be visible to a measaring
apparatus. Loose-granule burners fabricated in léad-{oil
containers have becn found to be suitable for this purpose, since ihe
lead melted and exposed the flame zone for temperature measure -

ments. The thickness of the lead foil used was 0. 015",

A2 DESCRIPTION OF INSTRUMENTATION

A schematic arrangement of the instrumentation is shown in
Figure A-1. The apparatus producing and measuring radiation
intensities consisted of g tungsten-filament lamp, mechanical

choppers, an interference filter, a photomultipli&, and an

oscillographic recorder.
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The filament of the tungsten lamp was focused by the lens 1 on
hole in the chopper 1. The leus 2 focused the light on the flame
and lens 3'focused the image of both the {lame and lamp filament on
chopper 2. Finally, the radiation was passed through an interference
filter and focused on a slit preceding a photomultiplier tube. The
resultant signal was amplified and recorded by an oscillographic
recorder.

When both the choppers obstructed the light a zero reference
mark was obtained; when the holes in both the choppers were open &
signal (DZ) proportional to the inlensily of the lamp radialion after
absorption by the flame was obtained. When fhopper 1 alone

obstructed the light signal (D3) preoportional to the intensity of the

flame radiation was obtained in the absence of a flame.

A3 ERROR EVALUATION

Standard errors to be corrected for are well documented by
Derr (24). All of these have been taken into account in the present
investigation. One possible error which has notl been considered
in the previous investigations (1, 24) is thal due to signal noise, which
causes errors in the measurements of Dl’ Dz, and D3. Using

Equation A-1, the error in TF’ viz., ATF, is found in terms of

121
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ADyq, APZ, and AD3 to be :

éj:f ~ A A(:Dq‘])z.) _ A:DS.] eoe A-2
'T:' Y (D, -D,) :DSJ

The maximum error in TF results when b.D1 is positive and AD

and AD3 are negative :

AT _ A 24D AD
T;' C?_ (:Dt "‘-Dz.) :D3

where A D's represent the average of ADl, ADZ, and AD3.

Typical magnitudes of D , Dz, and D, were found to be 10,
1

3
8, and 3 (cm) respectively, and AD was observed to be of the

PPN R

oider of 0,05 {cm). For these values, the maximum error in the

flame temperature would be of the order of 30°K.
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APPENDIX B - LISTING OF THE COMPUTER PROGRAM

USED ¥OR THE MGDF-MODEL

CALCULATIONS

COMMON AsYsEF +RHO-T2» XLIoXRI-EPS,IENDLPsHS»HILASESS
1 FAsFBsDsFCrCoT1sRsTOWI s GaTO»EES»DF 2 DBXs TAV, '
2 NJBB,HAP,CALCBACC ‘
EXTERNAL FCT
1 READ(5,103)YNJOUB ;
103 FORMAT (1)
GO TOCL2,3:455,658,9),NJEB
2  READ(S5,105)A,T2,TAP» TGP ‘
READ(S» 106YHF,HAP,DF,DOX
READ(S, 107IASHESSEESY
READ(5,1033CACBsCC
READ(Ss 109)EPSS,IEND
Go To 1
3 READ(S,105YAs T2, TAP»TOLP
Go To 1
4 READ(S» 196)HF s HAP,DF . DOX
Go TG 1
) READ(S5,107)XAS,ES,EEY
G To 1
6 READ(S,108)CA,CBsCC
G To 1
105 FORMATC(SF)
106 FARMAT CAFRY
107 FORMATC4F)
108 FORMATC(3F)
109 FORMATC(2F)
8 TAV=(T2+TAP)Y/2,
HS=A%HAP+ (] . ~AY%XHF
RHO=1e/CA/1495+C1s~A)Y/DF)
WRITECG,1100A,T2,TB,P
110 FORMATC' WT2FR='5F16e45" T2='3F10s1s* TO=',F10.1t,
1 ' P='L,F10.2)
WRITECG6s 11 1)HF,HAPLDF»ASHES
111 FORMATC' HF=',F10+2,' HAP=',F1042,' DF=',F10.2,
1 ' AS=',5F10.2," ES='5F10.1)
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WRITECG6,112YEE,Y,DBX
112 FORMATC® EE='sF20+10," Y=',F20.10,"' DOX='>F20.10)
AB=CAXRHE*TAVH%2., TS¥EXP(22000+/C(1986%TAVY ) /¢ 1.95%
1 PR&2ekDOXEXD.)
AF=AB/(1.+AB)
AC=CA
AD=CB
WRITEC(6,113)ACADAB
113 FORMATC' CA=',E20.10,"' CB="5E20.10,' M=',EL0.10)
WRITECGs 1 1) AF
114 FORMATC® WT FR FUEL=', Fa0.10)
TONE=1384687+32252.124AF 235047« 4kAF+%2.+T702179%
1 AF%%3.
WRITE (6,115 TONE
115 FORMATC' TONE=',F20.5)

HI1=0+3%(TONE~T3 ) +HAP
HIz=-A%Hi1
WRITEC6.1160H]

116 FORMATC(Y HI=*,F20.5)
TOWI=CBxTAVXEXP (220007 (1 :986%TAVII/P
WRITEC6,117)T0WIT

117 FORMAT(' TOWI=',E30.10)

E=EE
EF=EXT24EXP(20000/(2:%1s986%T2))/P
Ga TO 1

9 READ(S, 122 XL1,»X%XR]

12 FORMAT(2F)

CALL RTMI (XaFsFCTaXLLI»XRILEPS-IEMNDLIER)

IFC(IERNELOGO TG 101

WRITE(6:50R

FORMAT(/4 /777816 :R)

TOWZ=P30+ k(EF+G)%*2./(82.05kT2)

EL2=82.05%RHA= R+ T2XTQW2/ (30 %)

EL1=82.05%RHO*R¥*T1%TAWI/Z(30+%P)

QT=C

T 1=R:RHO*OT

QII=.0002%(T2~T1)/CEL2:#RHO*R)

QL=QT~-Q11

0 § =R*¥RHO*01

QIIF=QRII%R*RHG

TOWiI=TEW]

UHRITEC(6,213TOW1,TOW2,EL1,EL2

21 FORMATC////E16+82E1648:E168,E164.8)

WRITE(6,20)QT»QT1
20 FOMMATC(' OT=',E20.65"' QTF=',E20.6)

4T

v

i
(]

see note on page 125




gty e
Sl e MR RITTE AT DO G0 T8 Rl n e e o - -

R e e v - - v e M meme mal mar cem o R dwer e e e

128

et AT B NI ST
v
!

L4

WRITE(G6,223Q1I,011
22 FORMATC' QI=°,E20+65" QIF=',E20.6)
WRITE(6,23)CI1-Q1IF
23 FORMATC® QILI='sE10.4s" QIIF='LE10.4)
ET=F/CC
EV=P*#%. 6666666
WRITEC6»,3002ETHEV
300 FBRMATC(' P/R=",F10.5," P2/3="2F10.5)
Ge To 1
101 WRITE(C6,10 JIER
100 FERMAT(' ERROR CGDE=',13)
Co Tg 9
END
FUNCTION FCTC(X)
COMMON AsY EFsRHO»> T2 XLI» XRISEPSSIEND- PsHS,HISASHESS

1 FAsFBIDIFCsCoTIsRITOVWILGeTOLEESDF»DOX2 TAVS

2 NJOB-HAP,CA:CB,CC
R=ASKEAP(~ES/(1.9864K))

C2=0

C=e3H(X~TB) +HS

D=«0002%(T2=XJ

G (YkTR2 %k e 83B33)/(Rkk e BT75%P%%e3333333)
WRITE(G6+22%s R

FORMAT(//"' TS=';F12.45" R='5sE16:6)

_ FAzRE%2.

! FB=1e-(FARTOWI*BZ,05%RHO*#2%CI /(P40 0002%304)
FCz==+3%TH+HS+HI+C2
FCT=FA~.0002:CT2=X/FBY/((EF+G) *¥*2« XRHO%%2 o

1 % e3%X/VBHFCID
RR=SORT(FA~FCT)

Ti=X/FB

WIWDTTIN7 2 [~
MIdE {l.vOF O b4 i

5 FORMATC® T1='sF12+4,' RR=',E1648)
g CC=R
; RETURN
| END

R T

™

23
23

: Note %

! T T, (TONE) given in this program is for AP/P13
! propellant (valid in 0.9< w<¢1.0)

’ *

% T i (I'ONE) for AP/LP3 propellant is given by

TONE = 1398, 21413891, 07 * AF - 33482, 12*AF**2.0




